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The Himalayas were shaped when the Indian and Eurasian Plates collided,
and active orogenic processes created the Upper Kaghan Valley, located in
the Higher Himalayas. Earlier studies could not incorporate all the necessary
geological, structural, and remote-sensing information for complete tectono-
stratigraphic analysis. We present a single, unified tectono-stratigraphic
column for the Upper Kaghan Valley built from 1:25,000 field mapping,
quantitative structural analysis, cross-section preparation, and Sentinel-1
SAR. Three deformation phases are supported by kinematic indicators: F1
(NW-SE) gentle—open folds (layer-parallel shortening), F2 (NE-SW) tight,
fault-propagation folding and back-thrusting, and F3 localized E-W doming.
Integrating published geochronology, we correlate mapped granites with
Ordovician S-type Mansehra-style plutonism (ca. 483-476 Ma), Cenozoic
Kohistan Arc I-type granites (~75-42 Ma), and Miocene Higher Himalayan
Crystalline (HHC) leucogranites (~21-17 Ma). Among many other faults, reverse
thrust and back thrust faults are widely observed, which indicate current
movement, turning over, and shaping of the valley, most associated with Tertiary
granites. Fieldwork and remote sensing were combined to better understand the
structure and types of rocks in the Himalayan orogeny. The resulting framework
constrains the sequence of deformation and uplift along the Main Central
Thrust (MCT) to the Main Mantle Thrust (MMT) and provides targets for mineral
prospectivity.

fold—thrust belt, geological mapping, Himalayan orogeny, remote sensing, tectono-
stratigraphic evolution

1 Introduction

The Himalayas are prominent topographic features that form the northern boundary
of the Indian Subcontinent. This 2,500-km-long, 320-km-wide arc stretches across Nepal,
Bhutan, Sikkim, and Pakistan. Specifically, the northwestern portion of the Himalayas,
including Kaghan Valley, holds significant geological interest owing to its complex tectonic
history. The study area is shown in Figure 1. Situated between the Main Central Thrust
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FIGURE 1

(a) Map of Pakistan on a globe, (b) map of Pakistan with the study area shown by the polygon, and (c) location map of the study area.

(MCT) and the Main Mantle Thrust (MMT), the Upper Kaghan
Valley displays polyphase deformation and magmatism. While
Himalayan collisional history is well established, the valley lacks a
single, integrated tectono-stratigraphic column tied to field-verified
kinematics and SAR-derived structure metrics; prior studies are
fragmented or regional-scale. We address this gap by constructing
a unified column, quantifying F1-F3 with stereonet analyses, and
linking intrusive bodies to published geochronology and structural
position. The Himalayan formation is the most impressive and
debatable topic. Covering over 2,500 km through India, Nepal,
Bhutan, and Pakistan, the Himalayas formed when the Indian
and Eurasian tectonic plates collided. However, most scientists
agree that the Himalayas were created when the Indian and
Eurasian tectonic plates collided (Powell and Conaghan, 1973;
Yin, 2006). Boulin (1981) explains that as Gondwana broke up,
the Indian Plate was pushed north toward the Eurasian Plate. The
oceanic crust between the two plates started to subduct beneath
the Eurasian Plate as the Indian Plate moved closer toward the
Eurasian Plate (Powell and Conaghan, 1973). Due to continental
collision, the Indian Plate moved under the Eurasian Plate, which
formed a mountain range (Yin, 2006). All types of metamorphic,
igneous, and sedimentary rocks are part of the Himalayan
Mountain range (Auden and Gansser, 1964). The vast majority of
Himalayan mountains are metamorphic, having been formed by
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the high pressure and temperature during the continental collision
(Powell, 1986).

A remarkable record of increase in crustal thickness,
magmatism, metamorphism, and other tectonic processes showing
the subduction-related phenomenon of the Tethys Ocean and the
collision of two major plates (Indian and Eurasian) is particularly
evident in the units of the previous continental margin of the
Indian Plate present in Northwest Pakistan (Khan et al., 2008;
Treloar, 1995). The metamorphic belt lying in the Himalayan
terrain encompasses metamorphic rocks with intercalations of
metabasites belonging to the Indian Plate that faced different stages
and evolutionary histories associated with subduction/collision
and other tectonic processes (Kohn, 2014; O'Brien et al., 2001;
Rehman, 2006; Rehman et al, 2006; 2011; Tahirkheli, 1979;
Treloar et al., 1989; Wilke et al.,, 2012). The Indian Plate moved
steadily northward over many tens of millions of years and
eventually approached the Eurasian Plate. The plates were folded and
stacked on each other, creating strong pressure along the boundary
that led to the formation of the Himalayas and Tibetan Plateau
(Dewey et al.,, 1988). While this collision was taking place, the Main
Mantle Thrust (MMT), Main Central Thrust (MCT), and Main
Boundary Thrust (MBT) were formed. The MMT runs along the
northern edge where the Indian Plate and another plate meet. The
MCT divides the Higher Himalayan Crystalline Complex from the
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Lesser Himalayas, and the MBT marks the boundary between the
Sub-Himalayas and the Lesser Himalayas of the Indian Plate (Auden
and Gansser, 1964).

Although the regional evolution of the India-Eurasia collision
is well documented, the Upper Kaghan Valley still lacks a single,
integrated tectono-stratigraphic column constrained by field-based
kinematics and SAR-derived structural data; existing work is either
fragmented or overly regional.

This study addresses that gap by:

« constructing a unified tectono-stratigraphic column for the
Upper Kaghan Valley,

o quantifying F1-F2-F3  deformation using stereonet
analyses, and

« relating intrusive bodies to published geochronological data

and their structural positions.

Using detailed 1:25,000-scale geological and structural mapping,
high-resolution geospatial analysis, cross-section construction, and
remote sensing, the research refines the tectono-stratigraphic
framework and structural evolution of the Higher Himalayan terrain
in this area. By integrating lithological, structural, and remote-
sensing datasets, it provides a more comprehensive understanding
of orogenic processes, deformation phases, and associated granite
intrusions that shape this segment of the Himalayan orogen.

2 Regional tectonic setting

The NW Himalayan region is an ideal location for studying
Himalayan tectonics because a complete section of the mountain
belt is exposed in a single country (Tahirkheli et al, 1979;
Tahirkheli, 1982). Previous studies in Nepal and the Indian
Himalayas have defined the main tectonic subdivisions based on
geomorphological, structural, and pre-Cenozoic litho-stratigraphic
packages. Three major lithological and tectonic units are exposed
from north to south: the Higher Himalayan Crystalline (HHC)
rocks, the Lesser Himalayan Sequence (LHS), and the Molasse
sediments lying in the Sub-Himalayas (Siwalik and Rawalpindi
groups). The HHC unit comprises Late Proterozoic to Late Paleozoic
rocks; that is, the basement rocks contain granitic gneisses that are
overlain by metasedimentary sequences (psammitic, pelitic, etc.).
These units are intruded by tabular bodies such as dikes and, in
some places, sills of Permian-age basalts known as the Panjal Traps.
Dominantly, the metamorphic grade of the mafic units increases
to eclogite facies while moving toward the northeast area, near
the plate margin called the Indus-Tsangpo Suture, marked by the
Main Mantle Thrust (MMT). In contrast, away from the suture
on the southwestern side, the rocks reflect metamorphism under
amphibolite facies conditions (Lombardo et al., 2000; Pognante
and Spencer, 1991; Rehman et al.,, 2006). The Batal Thrust (BT),
also known as the Main Central Thrust (MCT), is a steeply
dipping regional fault that divides HHC rocks from the LHS
(Figure 2B). The Lesser Himalayan Sequence consists mainly of
Proterozoic to Cambrian age rocks, which are metasedimentary
in nature, including calcareous schists, marbles, and schists,
locally intruded by the Permian age basaltic traps known as the
Panjal Traps. These rock units predominantly metamorphosed to
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different grades (Ghazanfar and Chaudhry, 1986; Treloar, 1995;
Treloar, 1997). Another fault known as the Main Boundary Thrust
(MBT) lies toward the south with an unmetamorphosed sequence
ranging in age from Miocene to Pleistocene, which is known
as the Siwalik Group, likely derived from the Himalayan uplift
and erosion, resulting in the formation of the Sub-Himalayan
sequence of rocks (Rehman et al., 2006).

However, recent research has enabled the correlation of
prominent Himalayan features, such as the Mylonite Zone
(Greco et al., 1989) and the Main Central Thrust (Ghazanfar
and Chaudhry, 1986), which separate the Higher and Lesser
Himalayas. Additionally, the Murree Thrust has been identified
as the Main Boundary Thrust (Calkins et al., 1975), separating the
Lesser and the Sub-Himalayas (Figure 2B). Coward et al. (1988)
conducted a comprehensive survey of the Indian Plate region in
the NW Himalayas, revealing structural anomalies, including the
Hazara-Kashmir Syntaxis, the Kaghan Syntaxis, and the Nanga
Parbat-Haramosh Syntaxis. These en-echelon folds span the entire
NW Himalaya and have counterparts in the Pamir region of the
Asian Plate. The unique concentrations of these structures warrant
further investigation. The change in direction of the Indus-Tsangpo
Suture zone may indicate the edge of the Indian shield or a distinct
structural evolution of the region. Researchers agree that the area
is characterized by a complex terrane with superposed transport
direction movements rather than simple southward thrusting
(Bossart et al., 1988; Greco et al., 1989). The study area is tectonically
situated between two major antiformal structures: the Kaghan
Syntaxis to the south and the Nanga Parbat Syntaxis to the north.

3 Methodology

The objectives of the current study were achieved in multiple
phases. The first phase included the analysis of remote-sensing
satellite images to identify regional geological and geomorphic
structures. The second phase involved 36 days of fieldwork to cross-
validate the interpreted images by field data collection. This phase
further contains geological unit mapping, structural mapping on a
scale of 1:25,000, establishment of a tectono-stratigraphic column by
using field data, and analyzing deformed structures, the presence of
displaced rocks, and their orientation in detail (Figure 3).

Several computer software programs were operated to explore
and model the data, each serving a specific purpose. ArcGIS (10.7)
was used for spatial analysis, geological mapping, and integration of
remote-sensing data to depict structural features. Surfer-25 helped
in contouring surface modeling and empowering the visualization
of topography. Adobe Illustrator (2022) was used to improve and
finalize geological maps, cross sections, and schematic diagrams to
boost their transparency and presentation. The Global Mapper (25)
supported terrain analysis, DEM processing, and profile marking.
Google Earth Pro provides a platform for initial data plotting and
area demarcation. The 2D MOVE software by Midland Valley was
used for the preparation of the structural cross section. Stereonet
(V.11) software was used for stereographic projections, structural
orientation analysis, and interpretation. SNAP was used for remote-
sensing image analysis. The integration of these datasets enables
comprehensive interpretation.

frontiersin.org


https://doi.org/10.3389/feart.2026.1726034
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Farooq et al. 10.3389/feart.2026.1726034

FIGURE 2

(a) The regional tectonic map of the Himalayas, showing the tectono-stratigraphic zones (compiled after DiPietro and Pogue, 2004;

Parsons et al.,, 2020; Yin and Harrison, 2000; Yin, 2006; and references therein). The red polygon represents the extent of the study area in (a,b) The
tectonic map of the northwest Himalayas, Pakistan. (Compiled after Baig and Lawrence, 1987; Baig et al.,, 2010; Hameed et al., 2023; Kazmi and
Rana, 1982; Latif, 1970; Shami and Baig, 2002; Wadia, 1928, and references therein). The black polygon shows the study area.
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FIGURE 3
Flowchart of methodology adopted for achieving objectives.

Structural measurements were collected at 150-500 m intervals  densification to <100 m spacing in high-strain zones (major thrusts,
(depending upon the change in lithological units, orientation, back-thrusts, and fold hinges). At each station, 30-50 measurements
and presence of outcrop) along accessible transects, with targeted  ofbedding, foliation, lineations, axial planes, and limb attitudes were
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FIGURE 4
Tectono-stratigraphic column of the study area.

recorded. Measurements were assigned confidence ranks (A-B)
based on outcrop quality, degree of overprinting, and stereonet
clustering; key planes and lineations were measured in triplicate.
Kinematic and microstructural analysis involved systematic
documentation of shear-sense indicators (5-type porphyroclasts,
asymmetric micro-folding, and kink bands). Lineation and foliation
were measured, and stereonet plots were constructed.

4 Results
4.1 Tectonostratigraphy

The area is divided into four tectonic units. Each one has its own
type of lithologies and age (Figure 4).

« Subduction, collisional, and post-collisional sequence
o Kohistan Island Arc sequence

o Kaghan Stock

« Sharda Group

We distinguish the four domains using (i) age (published
U-Pb/Rb-Sr ages), (ii) lithology and metamorphic grade,
(iii) structural position relative to MMT/MCT/MBT, and (iv)
contacts (intrusive vs. tectonic). Sharda Group (Precambrian
metasediments/metamorphics) occupies the HHC-LHS transition;
Kohistan Arc sequence includes mafic-ultramafic and granitoid
arc intrusives near the MMT; Kaghan stock denotes local S-type
granitic bodies (Ordovician), and the subduction-collision-post-
collisional sequence comprises arc I-type granitoids (~75-42 Ma)
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and Miocene leucogranites (~21-17 Ma) (Searle, 1999;
Fraser et al., 2001; Schaltegger et al., 2002) emplaced within HHC.
In the Upper Kaghan Valley, granitoid bodies comprise: (i)
Ordovician S-type granites analogous to the Mansehra granite
(U-Pb zircon ca. 483-476 Ma, with earlier whole-rock Rb-Sr ~516
+ 16 Ma) (Le Fort, 1975; Baig et al., 1988; Jan and Karim, 1990),
emplaced during Cambro-Ordovician accretionary orogenesis
along the northern Gondwana margin; (ii) arc-related I-type
granitoids tied to the Kohistan-Ladakh Paleo-arc, with U-Pb zircon
ages ~75-42 Ma; and (iii) Miocene peraluminous leucogranites
(two-mica granites) commonly emplaced in the ~21-17 Ma interval
within HHC rocks. Correlations in our map/cross section follow
these published age brackets; we treat local leucocratic granites
in the Upper Kaghan as provisional pending future dating
(Ogasawara et al., 2018; Naeem et al., 2016; Jagoutz et al., 2009).
The distinguishing criteria summarized above are further
supported by characteristic metamorphic grades and contact
relationships observed across the mapped units. Rocks at the
HHC-LHS transition exhibit predominantly greenschist-to-
amphibolite-facies metamorphism, with locally higher-grade
assemblages and dominantly tectonic contacts along the MCT
and MBT. Units adjacent to the MMT record higher-pressure
conditions, ranging from amphibolite to locally eclogite facies,
and display both tectonic and intrusive contacts associated
with arc-related magmatism. Ordovician granitoids show well-
developed contact aureoles and intrusive relationships consistent
with mid-crustal emplacement. Younger arc-related granitoids
and Miocene HHC leucogranites occur as discordant intrusions
within high-grade HHC rocks and are variably overprinted by
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amphibolite-to-granulite-facies metamorphism (Searle et al., 1997;
Jagoutz et al., 2009; Ogasawara et al., 2018).

4.1.1 Sharda group

The Precambrian Sharda Group (Shah, 2009) of the Kaghan
Valley is well-exposed along the roadside from Naran to Babusar.
The main lithologies of the group include greenschist, white marble,
granite gneiss, garnetiferous schist, and gray marble. The units,
including greenschist and lower granulite facies, and some chlorite-
to kyanite-grade schist, are exposed at different places in the
vicinity of Naran.

The other lithological unit is fine-grained white marble, which
is in contact with the greenschist. It goes through the valley, starting
at Naran and stretching to Gittidas. The third unit is granite gneiss,
and in the exposure, the variety shows clearly defined dark and
light bands, forming a gneissose structure. Granite gneiss is visible
in different parts between Naran and Babusar. The granite gneiss
underwent various metamorphic processes.

The fourth unit is the garnetiferous schist, where sapphire is
found (near gray marble) at several localities, such as Besal and
Jalkhad. It displays metamorphism from granulite to eclogite grades
with many large garnet grain porphyroblasts. Dolerite was observed
as a common intrusion in this schist. The fifth group consists of
greyish to whitish marble containing medium- to coarse-grained
granoblastic sapphire. The blue coloration of sapphires is attributed
to the presence of iron (Fe) and titanium (Ti), which were introduced
through dolerite intrusions related to the rifting and separation of
the Kohistan Island Arc back-arc basin (BAB). These intrusions
provided the necessary trace elements that played a key role in
the development of sapphire mineralization. In the Upper Kaghan
Valley, gray marble constitutes one of the principal lithological units
of the Higher Himalayan Crystalline (HHC) complex. This marble
unit is extensively developed along the southern slope of the valley,
forming a continuous belt extending from the Besal area to Jalkhad.

4.1.2 Kaghan stock
The per-aluminous that (Pre-

Himalayan) were shaped as a creation of syn-collisional tectonics.

granites contain garnet
Granite samples from the Kaghan stock have similar minerals
like quartz, feldspar, muscovite, biotite, and garnet and are of a
similar age to those found in Mansehra granite and Jura granite in
the Neelum Valley (Kashmir), indicating they probably formed at
the same time.

4.1.3 Kohistan Island Arc sequence

The western parts of Gittidas and the Babusar area show
ultramafic and mafic rocks that form the Babusar Complex. This
might be the same as the Jijal Complex, related to the obduction
about the Kohistan-Ladakh Arc. The area is part of the Higher
Himalayan Crystallines (HHCs) and is bounded by the MMT
(northward) and the MCT (southward), to the east by the Indo-
Gangetic Plain, and to the west by Naran Valley. The second vital
rock type is serpentinite with gabbro and diorite, which we call
parrot greenish serpentinite, and it is exposed together with mafic
to intermediate intrusions (Ophiolite) near the Indus suture, mostly
in the Sapat area and its vicinity. This set of rocks is practically
the same as the Chilas Complex, formed in the back-arc basin
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(BAB). The schematic tectonic evolutionary model of the study area
is given in Figure 5.

4.1.4 Subduction, collision, and post-collisional
sequence

The sequence formed when parts of the Indian Plate were
subducted under the Eurasian Plate, later through the collision
of these plates, and finally, in the first stages after the collision.
The lithological units are gabbro, I-granite, S-granite, leucocratic
granite, and pegmatites. Gabbro is the first lithological unit found,
especially exposed at some locations from Burawai to the north. I-
type granites (Andean type margins) were injected into the gabbroic
sequence. In the Kaghan Valley, gabbro shows intrusive features by
passing through or intruding among metamorphic rocks. I-granite
is the name given to the second lithological unit, and the third
lithological unit is called S-granite. Biotite and hornblende are found
in I-type granite and gabbroic rocks associated with subduction are
included as well. Minerals such as copper (Cu), molybdenum (Mo),
and tungsten (W) are likely to be found near such Andean-type
margin areas. The texture of this rock is irregular and grainy. It is
light to gray in color, and quartz, feldspar, and mica minerals are
present. In addition to the primary ones, the mineral group has
accessory minerals such as tourmaline, garnet, and zircon. Granites
are equivalent to Nomel granites located in the Kohistan Batholith
in their age (Tertiary) and their mineral composition. Similarly,
the second granite, called S-granite, is composed of muscovite and
biotite (two micas) and is related to the Himalayan orogeny and
continent-to-continent collisions.

The Himalayan orogeny, brought about by the meeting of the
Indian and Eurasian plates, resulted in many granite families such
as muscovite-biotite granite (two-mica granite). In these settings,
tectonic activity causes the crust and mantle to heat and melt, which
results in syn-collisional granite. Approximately 50 million years
ago, in the Eocene epoch, the collision of the Indian Plate with the
Eurasian Plate started the Himalayan orogeny. Due to the collision,
granite batholiths (mega-scale masses of granite) and muscovite-
biotite granite (two-mica granite) were formed. The muscovite-
biotite granite contains two micas (Zhang et al., 2007), muscovite
and biotite, and has a high silica content (more than 70%), low to
moderate amounts of magnesium and iron, typical minerals such as
quartz, feldspar, muscovite, and biotite, and accessory minerals such
as tourmaline and zircon (Figure 6).

The fifth unit is called leucocratic granite, which is white
and has moderate amounts of alkali feldspar. Post-collisional
igneous activities play a role in forming the granite within the
Earth’s crust. Pegmatites contain pieces of various minerals because
they developed after collisions were over. These older areas in
Naran, Malika Parbat, Burawai, Besal, and Gittidas all had the
pegmatites injected through them. The composition of pegmatites
is acidic. The oldest rocks in the valley are from the Tertiary
age.

4.2 Folds and faults of the project area
4.2.1 Fold tightness and symmetry analysis

Following Fleuty’s (1964) basis, our analysis subdivides the
fold structures in the region into three categories based on the
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FIGURE 5
Schematic tectonic evolution model of the study area.

measured interlimb angles and overall symmetry. The Babusar 1
Syncline is interpreted as a gentle fold, exhibiting a broad curvature.
In contrast, folds such as the Babusar 2 Anticline, the Babusar 2
Syncline, the Gittidas Syncline, and the Soch Syncline are ordered
as open folds, which demonstrate moderate curvature. Structures
including the Babusar 1 Anticline, the Gittidas Anticline, the
Lulusar Syncline, the Burawai Syncline, the Soch Anticline, and
the Saif ul Malook Syncline are well-defined as close (or tight)
folds, revealing prominent shortening and intense deformation
(Figure 7).
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4.2.2 Deformation phase analysis

The fold geometries recorded two primary deformation phases
alongside an additional distinct dome structure reflecting the
third deformational phase. The F1 phase, representing early-stage
deformation, comprises gentle-to-open folds such as the Babusar
1 Syncline, the Babusar 2 Anticline, the Gittidas Anticline, the
Gittidas Syncline, and the Lulusar Syncline, which developed under
moderate compressional forces and reflected initial layer-parallel
shortening. The F2 phase, corresponding to later-stage deformation,
is characterized by tighter and steeper folds, including the Babusar
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FIGURE 6

10.3389/feart.2026.1726034

Composite structural and geological map with Profile AA” of the Upper Kaghan Valley, Northwest Himalayas, Pakistan.

1 Anticline, the Babusar 2 Syncline, the Burawai Syncline, the Soch
Anticline, the Soch Syncline, and the Saif ul Malook Syncline. These
tight folds indicate progression to intensified shortening, likely
associated with fault-propagation folding and duplex formation.
In addition, our data reveal an east-west trending dome structure
(F3). This dome structure reflects a localized phase of fold
compression and vertical uplift, suggesting an area where additional
focused compressional stresses have led to a distinctive structural
inversion superimposed on the overall F1 and F2 deformation
patterns.

Field relationships indicate F2 back-thrusts (with folded
units trending NE-SW) offset F1 axial planes (NW-SE trending),
with local re-folding of F1 limbs. Leucogranite dikes commonly
parallel or F1 axial planes
by F2. In several sites, I-type granites (Table

cross-cut but are displaced
1) intrude
metasedimentary hosts along discordant contacts and are
cross-cut by F2 splays. The F3 (E-W) dome warps F1-F2
traces and locally inverts fold vergence. This hierarchy is
consistent with an Eocene peak of metamorphism/exhumation,
Oligo-Miocene tightening/extrusion, and localized late Miocene

uplift.
4.2.3 Fold geometry and regional deformation

The coexistence of gentle, open, and tight folds illustrates
the progressive deformation history. The early F1 phase, with
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its broader and less-contorted folds, reflects the initial stage of
moderate compressional forces operating primarily in a thin-
skinned regime. The later F2 phase, characterized by tight folds
with steeper limb dips, indicates an escalation in compressional
stresses, likely corresponding to fault-propagation folding and
significant crustal shortening (Figure 8). These variations in fold
tightness and symmetry were quantitatively supported by the
interlimb angles and axial plane measurements, as summarized in
Table 2.

At MCT exposures (Chitta Katha-Batal), drag folds, S-C
fabrics, and top-to-south shear indicators are consistent with
thrusting and ductile shearing, matching regional MCT behavior
(Miocene activity and extrusion). The hanging walls of the
Naran Back Thrust, the Jalkhad Back Thrust, and the Besal
Back Thrust show steep foliation, asymmetric parasitic folds,
and lineation clustering, supporting back-thrust kinematics
and later phase tightening (F2). Where available, quartz vein
and drag folding (Figure 10A) suggest non-coaxial shear in
high-strain zones, adding microstructural support for phase
assignments.

Keeping in view the relationship to regional stress fields, the
F1 phase, marked by gentle and open folds, suggests early-stage
Himalayan compression, possibly driven by foreland propagating
forces that produce layer-parallel shortening in the upper crust. In
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FIGURE 7

Pi—Beta diagrams of folds. (a) Babusar 1 Anticline, (b) Babusar 1 Anticline, (c) Babusar 2 Anticline, (d) Babusar 2 Syncline, (e) Burawai Syncline, (f) Gittidas
Anticline, (g) Gittidas Syncline, (h) Lulusar Syncline, (i) Saif-Ul-Malook Syncline, (j) Soch Anticline and (k) Soch Syncline in the study area (circles

represent the fold profile planes).

contrast, the F2 phase reflects a period of increased compressional
stress and significant shortening, aligning with a transition
toward thicker-skinned, basement-involved deformation. The
distinct dome structure (F3) further indicated localized vertical
uplift and concentrated compressional forces, emphasizing that
the regional stress field evolved heterogeneously across the
valley.

Considering the kinematic evolution and dome structure
(F3), kinematic interpretations suggest sequential evolution in
the Kaghan Valley. The initial F1 phase produced broad, open
folds under moderate, layer-parallel compression. As the collision
intensified, the F2 phase led to the development of tighter and
steeper folds associated with fault propagation. Superimposed on
these phases is the F3 dome structure (Figure 9), which represents
a later, localized phase of fold compression and vertical uplift.
This dome is interpreted as a structural anomaly resulting from
concentrated compressional forces that have induced inversion
and localized thickening, adding further complexity to tectonic
evolution.
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According to the structural implications for regional geology
and mineral prospectivity, the interaction of multiple deformation
phases ranging from the F1 and F2 fold systems to the F3 dome
structure reflects a complex tectonic evolution in the Upper Kaghan
Valley. The progression from early thin-skinned shortening to later
thick-skinned fault-related deformation suggests significant crustal
thickening and exhumation. This evolving structural framework, as
integrated with the tectonic column (Figure 4) and cross-sectional
analysis, not only enhances our understanding of the deformation
history of the region but also has direct implications for mineral
prospectivity. Zones marked by tight folding and dome structure
(F3) may localize fluid flow and mineral deposition, presenting
promising targets for the exploration of precious and semi-precious
minerals.

The F1-F3 style
kinematics. Chronological ties to regional events are inferred
(UHP peak ~46 Ma; Miocene
leucogranite emplacement/extrusion ~21-17 Ma) and are expected
to be refined by future in situ geochronology of Kaghan

assignments reflect structural and

from published constraints
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FIGURE 8

Structural geometry of folds in the study area. (a) Poles to NE dipping axial planes. (b) Poles to NW dipping axial planes. (c) Poles to SE dipping axial
planes and (d) Poles to SW dipping axial planes (N shows NE, NW planes dipping, S shows SE, SW dipping planes; points represent linear features like
fold axes, and great circles (arcs) represent planar features).

TABLE 1 Supplementary table mapping illustrating lithology, age, and tectonic context of granitic rocks (Ogasawara et al., 2018;
Jagoutz et al., 2009; Searle et al., 1997).

Unit

Mansehra-type granite

Interpreted type

S-type, peraluminous

Regional date (published)

483-476 Ma (U-Pb), ~516 Ma (Rb-Sr)

Tectonic context

Cambro-Ordovician accretionary
orogenesis

Kohistan Arc granitoids

I-type (tonalite-granodiorite-granite)

75-42 Ma (U-Pb zircon)

Mature arc magmatism; continuous arc
construction

HHC leucogranites

Two-mica leucogranite

21-17 Ma (U-Pb/Ar-Ar)

Crustal melting during Miocene
extrusion (STD/MCT framework)

intrusives and metamorphic monazite (Parrish et al, 2006;

Searle et al., 1997).

Field relationships show F2 back-thrusts offset F1 axial

planes and locally re-fold F1 limbs; leucogranite dikes commonly

parallel/cross-cut F1 but are displaced by F2. The F3 dome warps

F1-F2 traces and locally inverts fold vergence. This hierarchy
accords with Eocene UHP constraints and Miocene extrusion

along the MCT.
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4.3 Faults (major faults)

The study area, located in the northwestern Himalayas, shows a
complicated geology shaped by many faults.

4.3.1 Main Central Thrust (MCT)
The MCT is exposed near the Chitta Katha and Batal areas. It

separates the Lesser Himalayas from the Higher Himalayas. In the
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FIGURE 9
Rose diagram of folds showing frequency distribution and dominant

direction from the study area (the angular positions of petals show the
direction of feature orientation; the length of each petal represents
the number/frequency of measurements that fall in that

direction/bin, n = 10).

research area, the MCT runs from NW to SE and dips toward the
NE. The fault has an attitude N4OW/30NE. A specific line separates
the fault where metasedimentary rocks of the Salkhala Formation
(footwall) come into contact with high-density crystalline rocks
(hanging wall). Around the Batal area (lower structural level), MCT
features are confirmed by parasitic and drag folding. Similarly,
toward the Shingri Top area (Upper structural level), S-type folds
are observed in the outcrops (Figure 10A).

4.3.2 Naran Back Thrust (NBT)

The Naran Back Thrust (NBT) is formed by thrusting of the
schist and gneiss sequence over granite, forming a footwall. The
attitude of the NBT fault plane in the study area is calculated
as N35E/55SE. The fault on the southern side emplaces the
Precambrian sequence of garnet-grade schist and gneiss (Naran
to the Lake Saif ul Malook road), thrusted over the granite of
the Cambrian age. The rock units near the fault are sheared,
crushed, and show outcrop-scale S-type folds in the hanging-
wall block (Figure 10B).

4.3.3 Dum Duma Back Thrust

The Dum Duma Back Thrust is found west of the village Dum
Duma, which is in the north of the Naran. A back thrust of the
older granite gneiss resulted in the Precambrian-age rock over the
Cambrian unit. The orientation of the fault measured in the field is
NB8OE/80SE. Additional evidence of the fault, such as breccia, gouge,
and strata truncation, can be found on the western border of Dum
Duma village (Figure 10C).
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FIGURE 10

(a) Showing drag-folding mechanism in lower structural level of the Main Central Thrust, photo looking north; (b) dotted red line showing the faulted
contact of the Naran Back Thrust on the Naran to Lake Saif ul Malook road, photo looking south; (c) showing asymmetric drag folds in the hanging wall
block of the Dum Duma Back Thrust, photo looking north; (d) showing the sheared marble in deformed zone of the Batakundi Fault, photo

looking south.

FIGURE 11

(a) Showing parasitic folding and omission of beds along the Soch Fault, photo looking south; (b) showing contact of marble and gabbro along the
Burawai Thrust, photo looking south; (c) showing steeply dipping beds of schist along the Jalkhad Back Thrust, photo looking north; (d) showing the

deformed granite along the Besal Back Thrust, photo looking north.

4.3.4 Batakundi Fault

The Batakundi Fault belongs to intra-unit or intra-formational
faults that originated within the Precambrian white marble unit.
Crushing and shearing the marble in this area formed a gouge along
the main shear zone, and a deformed zone of approximately 200 m
wide near Batakundi is observed. According to field observations
in the research area, the Batakundi Fault shows an attitude of
N50E/35SE, which reflects its back-thrust behavior (Figure 10D).

4.3.5 Soch reverse fault

The Soch Fault juxtaposes older metapelite (Precambrian) layers
in the schist onto granite gneiss near Soch Village. Like other
major faults, it runs northeast-southwest, and it dips northwest.
The fault has an attitude of N60E/70NW in the area. Along
the Soch Fault, the parasitic folding and strata omission are
clearly observed (Figure 11A).
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4.3.6 Burawai Thrust (BT)

The Burawai Thrust is demarcated at Burawai in the Upper
Kaghan Valley, in which marble and schist units thrust over the
granite at multiple locations. The fault runs northwest to southeast
and dips in the northwest. The fault plane attitude measured near
Burawai is N50E/50NW. The marble unit is thrust over gabbro along
the BT, as shown in Figure 11B.

4.3.7 Jalkhad Back Thrust (JBT)

The fault is located at approximately 3 km west of the Besal
area. The Jalkhad Back Thrust (JBT) follows the main direction of
the Indus Suture (MMT) and extends in a southeastern direction.
The hanging-wall block of the JBT includes gray marble and schist,
whereas the leucocratic granite is in the footwall block. The core part
of the dome contains the youngest leucocratic granite (Figure 6).
The fault plane has an attitude of N8OW/70SW. The hanging-wall
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FIGURE 12

10.3389/feart.2026.1726034

(a) Showing the hanging wall anticline along the Lulusar Back Thrust, photo looking south; (b) showing the deformed zone of MMT, photo looking
north; (c) showing the uplifted MMT-controlled ridge, photo looking south.

block of the JBT displays a series of steeply dipping rocks, as
clearly seen in Figure 11C.

4.3.8 Besal Back Thrust (BBT)

The gabbro unit is thrust over the I-granite by forming a hanging
wall to the west, and the marble is thrust on top of the granite to the
east, forming the BBT. This fault has a high-angle dip toward the
southern side as N8OW/75SW, and it extends toward the western
side of the Besal area. The fault truncates with the Indus suture
and JBT at some places. The exposure of the fault is toward the
northern limb of the Besal Dome. The leucocratic granite is involved
in faulting to the west of the Besal area, showing that the fault is
formed as a result of the younger deformational phase. Figure 11D
shows the deformed granitic outcrop. The BBT and JBT overlap near
the Jalkhad area and show pseudo behavior of normal thrusting at
this location.

4.3.9 Lulusar Back Thrust (LBT)

The Lulusar Back Thrust (LBT) is the result of thrusting the
gabbro over the leucocratic granite exposed at the southern part of
Lulusar Lake (Figure 12A). The hanging-wall block is folded into a
series of anticlines and synclines by faulting, demonstrating the drag
folding impact of the fault. The attitude of the fault in the area was
N60W/75SW. Back-thrusting helps us see the ongoing compression
and regional-scale changes happening in the Higher Himalayas.

4.3.10 Main Mantle Thrust (MMT)

The MMT marks the extreme northern boundary of the study
area. The MMT is present at the north of Babusar with its brittle-
ductile imbricate zone. It continues to extend southwestward along
the Sapat and Maeen Lake areas. It shows an attitude of NSOE/42NW
near Babusar, then heads eastward at N55E/55NW toward the Sapat
area. The cored section of the fault, which measures approximately
500 m, displays the presence of schist, serpentinite, and pyroxenite
from the Kohistan Island Arc (KIA). In the deformed region, there
are gouge and breccia beds, as shown in Figure 12B. Babusar Ridge
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is aligned with the MMT trace, as shown in Figure 12C. The Indian
Plate is bordered on its north by the MMT, and the Kohistan Island
Arc sequence is on its south.

At MCT exposures near Chitta Katha-Batal, drag folds, S-C
fabrics, and top-to-south shear sense confirm thrust-related ductile
shearing consistent with regional MCT kinematics. Hanging-wall
blocks of NBT/JBT/BBT show steep foliation, asymmetric parasitic
folds, and clustered lineations, supporting back-thrust kinematics
and tightening during F2. Where observed, quartz lattice preferred
orientation (LPO) indicates non-coaxial shear in high-strain
lenses.

4.4 Cross section

Profile AA” starts from the northern edge of the study near
Naran all the way to the Babusar area in the south (Figure 6).
The profile covers approximately 50 km and cuts across important
thrust zones as well as through the Sharda Group in the Upper
Kaghan Valley. Multiple thrust faults, folds, and deformed rock units
are clearly shown in the profile from various eras (Figure 13). The
Sharda Group in the region consists of a series of thrust sheets
formed during the Himalayan orogeny. Major faults separate the
thrust sheets, and these faults are key in creating the Himalayan
Mountain range. It comprises structures between the Main Central
Thrust (MCT), which is on the southern edge of the research area,
and the Main Mantle Thrust (MMT), which forms the northern part
of the Indus suture. The underground features and behavior of major
faults were mapped.

Intrusive bodies (leucogranite and pegmatites) are depicted
with irregular lobate geometries and cross-cutting contacts intrinsic
to pluton emplacement; no internal layering is shown within
plutons. Narrow discordant ribbons indicate dikes/sills that cross
foliation/strata. Intrusive styles and regional ages are consistent with
Ordovician S-type Mansehra plutonism, Cenozoic Kohistan Arc
granitoids, and Miocene HHC leucogranites.
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FIGURE 13

intrusive bodies.

Structural cross section along Profile AA” with inset showing the dome structure bounded by faults. Intrusive bodies (granite/leucogranite; gabbro) are
shown with irregular lobate geometries and cross-cutting contacts intrinsic to pluton emplacement. Narrow discordant ribbons indicate

4.4.1 Northern structures

These structures are found in the north, starting from near
Besal to the Babusar top area (Figure 13). The Lulusar Back
Thrust (LBT) originated in the area near Lulusar Lake. It revealed
that the leucocratic granite (Tertiary) on the younger side is
underlain by schist and granite on the older side. The fault shows
dips to the south, which means it is different from the standard
thrusting faults, and so it is referred to as a back thrust fault.
Because the LBT does not follow the old thrust direction, it is
a young fault, and the cross-sectional back-thrust faults can be
associated with the active tectonics of the Higher Himalayas. The
Indian Plate is bounded to the north by the Main Mantle Thrust
(MMT), which is also the northern border of AA". The fault zone
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contains assemblages of ophiolites, pyroxenite, and metamorphic
rocks. The MMT is thick-skinned, and its depth is up to plate
scale.

4.4.2 Southern segment

The southern portion of this cross section starts at the Main
Central Thrust (MCT). At the MCT, the Lesser and Higher
Himalayas meet because they form a deformed boundary zone. The
hanging wall consists mainly of higher Himalayan thrust sheets
folded irregularly and with several gaps between strata. Because of
this zone, the region developed high relief features. Residing in the
hanging wall of the MCT are layers of schist, mylonite, and granite,
which are found along the pegmatite and gneiss zones. A Salkhala
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sequence of Precambrian origin was found in the deformed footwall.
The hanging wall of the massive schist-type (MCT) deformation has
an NBT, which is the first back thrust, and adds the schist sequence
on top of the granite. Forming north of where the NBT splits in two,
the Soch Fault (SF) is a reverse fault started by the MCT. The older
schist rests on the granite gneiss, which is cut by faults. In addition,
from the MCT group is the Jalkhad Back Thrust (JBT), found where
the Besal Dome structure meets its southern boundary.

The Besal Back Thrust (BBT) is the starting point for southern
structures, with a dome structure in its hanging wall. The Besal
dome contains the structurally controlled mineralization of sapphire
with productive mines along the contact of schist with gray marble
units. In the cross-section profile AA” (Figure 13), the BBT joins the
subsurface with MCT at a depth of approximately 13 km.

4.5 Remote sensing

Remote-sensing tools are valuable for investigating topography
and structural patterns in the field of structural geology
(Zeinalov, 2000). Variation in polarization patterns can be used
with Sentinel-1 and its byproducts, for example, non-flattened and
flattened terrain maps, to discover regional faults in these areas
(Saraf et al., 2002; Patel et al., 2024a; Patel et al., 2024b). In the
present research, applying this technique was effective in detecting
local and topographic features (Lu et al., 2021). The research relied
on Sentinel-1 images to study the arrangement and characteristics of
structures (Figure 13). Figure 14 represents images from Sentinel-1,
comparing the results both with and without terrain flattening. The
pictures show VH (a, b, ¢,d), VV (e, f, g, h), VHover VV (i,j, k, 1), and
VV over VH polarization (m, n, o, p) (Bhosle et al., 2009). Using
the dual VV polarization (no terrain flattening), we recognized
the key geological and topographic features clearly. Looking at the
red-colored satellite imagery for VV polarization without terrain
flattening (Figure 14), key faults and folds in the study region
(Figure 14) can be determined by interpreting geomorphic features
like drainage patterns, mountains with edges, triangular facets,
shutter ridges, linear offsprings, and fault-influenced streams and
ridges. The MMT controls both the stream pattern and its direction
(Figure 15), as demonstrated by studies by Oguchi et al. (2003),
Meixner et al. (2017), and EL-Omairi et al. (2024).

Likewise, the presence of the NBT at the south end of the region
was an important factor, as were the BF faults at the same south end.
In addition, the map revealed a number of details in the terrain,
which showed small but distinctive signs of complicated tectonic
activity (Zhu et al., 2022). The BBT found in the northern part of the
sampling area also closely follows the drainage, further supporting
the presence of the BBT (Hu and Zhu, 2022). Strong VV responses
due to steep slopes or ridges allow us to pinpoint topographic highs,
and minor variations separate different structures, which is very
advantageous for geological mapping and tectonic investigation.

This study uses the C-band Sentinel-1 satellite imagery, which
has two polarizations: One is VV (vertical transmit and vertical
receive), and the second is VH (vertical transmit and horizontal
receive). The identification of structural features using these two
polarizations and their ratios has significant importance (Small
and Schubert, 2019). The VV polarization is reflected as more
suitable for the demarcation of vertical structures, like ridges and
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topographic fronts. These structures are mostly related to the
regional- and local-level faults in rugged areas (Abdikan et al., 2016).
On the other hand, the VH polarization is often used in the case
of vegetation and roughness index studies (Huang et al., 2022;
Ji et al., 2020; Watson et al., 2022).

Usually, terrain flattening is suggested on Sentinel-1 images
(Huangetal., 2017; Thollard et al., 2021), but in the present situation,
we provided the images both with and without flattening because
the region has many overlapping reverse and back thrust faults
(Thakur et al., 2025a; Thakur et al., 2025b). The best views of the
surface were possible without flattening the plains (see Figure 15).
For example, in the study area, the MMT fault line points southwest
to northeast and greatly affected the topography.

Rationale for non-flattened imagery. Non-flattened Sentinel-
preserve relief-linked
backscatter contrasts that enhance the visibility of ridge-parallel

1 images layover/foreshortening and
lineaments and tectonic fronts; terrain flattening can suppress
these contrasts in rugged terrain. In our area, non-flattened VV
polarization highlights topographic highs and sharp structural
fronts, whereas VH adds texture sensitivity, together improving
lineament recognition.

Quantitative validation framework. We propose a confusion-
matrix/ROC validation of SAR-derived lineaments against the field-
mapped fault/fold inventory: (i) extract lineaments under VH/VV
and ratio thresholds; (ii) buffer ground-truth structures; (iii)
compute TP/FP/FN/TN, precision/recall/F1, and plot ROC/AUC by
threshold. This quantifies the discriminating capability of VH/VV
and their ratios and complements interpretation-based mapping.

5 Discussion

5.1 Refined tectono-stratigraphic
framework and integrated methodology

Our study employed an integrated approach combining detailed
field mapping (1:25,000 scale), stereonet-based structural analyses,
advanced dual-polarization Sentinel-1 remote sensing, and detailed
cross-sectional analysis (Figure 13). This multifaceted approach
permits us to describe four diverse tectonic domains from the Sharda
Group to younger subduction, collisional, and post-collisional
sequences in the region. In contrast to earlier regional studies
(Tahirkheli, 1979; Wadia, 1957) and recent work that incorporated
geochronologic constraints (Shah, 2009), our work bridges the gap
between surface geological/structural relationships and integrated
geospatial analyses. The subsequent tectono-stratigraphic model
and cross section (Figures 4, 13) cover both the vertical stacking
and lateral continuity of lithological units, efficiently defining the
complex multi-phase deformation history of the area.

Granitoid chronology and tectonic setting. Mapping
distinguishes: (i) Ordovician S-type granites analogous to
the Mansehra granite (U-Pb zircon ca. 483-476 Ma; earlier
Rb-Sr ~516 + 16 Ma), emplaced during Cambro-Ordovician
accretionary orogenesis along northern Gondwana; (ii) arc-
related I-type granitoids linked to the Kohistan-Ladakh Paleo-
arc (U-Pb zircon ~75-42 Ma); and (iii) Miocene peraluminous
leucogranites (two-mica) typically emplaced ~21-17 Ma in

HHC rocks. We treat unidentified leucocratic granites in Upper
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FIGURE 14
Comparison of Sentinel-1 satellite imagery without and with terrain flattening. (a,e) VH polarization, (b,f) VV polarization, (c,g) VH over VV polarization,
and (d,h) VV over VH polarization.
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FIGURE 15
Sentinel-1 satellite imagery with identified structural features.

Kaghan as provisional pending dating and avoid assigning broad
Cambrian-Tertiary ranges.

We envisage: (1) Eocene UHP metamorphism (~46 Ma) and
early F1 shortening; (2) Oligo-Miocene thickening/extrusion
along the MCT with F2 tightening/back-thrusting and Miocene
leucogranite emplacement (~21-17 Ma); (3) localized late Miocene
doming (F3) near syntaxis-adjacent segments. This sequence
reconciles mapped cross-cutting relationships and the thin-to thick-
skinned transition across the valley (Figure 5). Because no new
ages were obtained in this study, all absolute ages are inferred by
regional correlations and must be treated as provisional for Upper
Kaghan. We propose U-Pb zircon/monazite dating of representative
S-type, I-type, and leucocratic granites and “°Ar/*® Ar mica dating in
mylonitic zones to refine the F1-F3 timeline.

5.2 Quantitative structural analysis and
fault kinematics

Our detailed field mapping and stereonet analyses (Figures 7,
8) revealed two dominant fold sets (F1 and F2) and a complex
network of thrusts, back thrusts, and splay faults. These quantitative
assessments provide robust metrics for fold geometries, limb dip
angles, and fault orientations, which refine our understanding
of the syn-collisional and post-collisional deformation processes.
Compared to earlier studies and the work by Schiffer et al. (2023),
our approach yields a higher-resolution kinematic framework that
explains the intricate interplay between crustal shortening, vertical
uplift, and subsequent exhumation even without the direct use of
geochronologic data. The detailed fold analysis (Table 3) further
supports this interpretation.
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5.3 Advanced remote sensing and
cross-sectional integration

The utilization of dual-polarization Sentinel-1 imagery, both
with and without terrain flattening (Figure 14), allowed us to
identify subtle geomorphic features such as linear offshoots, shutter
ridges, and drainage anomalies that correlate directly with mapped
faults and folds (Figure 15). The high-resolution cross-sectional
Profile AA" (Figure 13) clearly clarifies the spatial arrangement
of major structures: the deep-seated Main Mantle Thrust (MMT)
delineates the northern boundary, while the Main Central Thrust
(MCT) and its associated back-thrusts define the southern segment.
These integrated visuals not only validate our field observations
but also provide clear evidence of the vertical stacking and lateral
continuity of tectonic units, significantly advancing our regional
tectono-stratigraphic model.

5.4 Bridging the research gap: distinctions
and new insights

This study fills a critical gap by integrating multiple datasets
into a unified structural and geospatial framework that outperforms
previous models based solely on geochronologic data. Specifically,
we combined detailed structural mapping, remote sensing, and
cross-sectional analyses (Figures 6, 13, 15) to resolve deformation
features and fault kinematics with unique precision. The meticulous
cross-sectional interpretation (Figure 13) provides a clear visual
correlation between surface exposure and subsurface structures,
enhancing interpretations of crustal thickening and exhumation
processes. The developed kinematic parameters of fault systems
and fold geometries (Table 2) offer new insights into the
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magnitude and progression of deformation phases inferred
from the structural relationships. By focusing on integrated
field and geospatial data, our study complements previous
geochronologic studies (Schiffer et al., 2023) and highlights
the unique tectonic evolution of the Upper Kaghan Valley,
which may not have been fully captured by geochronology
alone.

5.5 Regional tectonic context and
comparison with Nepal and the Indian
Himalayas

The tectono-stratigraphic column established for the Upper
Kaghan Valley supports the broader Himalayan orogenic processes
observed in Nepal and India, where the collision between the
Indian and Eurasian plates has driven complex structural and
tectonic evolution (Figure 2A). The Main Central Thrust (MCT),
a pivotal structure in our study, is a regionally extensive fault
system that separates the Higher Himalayan Crystalline (HHC)
from the Lesser Himalayan Sequence (LHS) across the Himalayan
arc, including Nepal and India. In Nepal, the MCT is well
documented as a ductile shear zone with inverted metamorphism,
active during the Miocene (~20-15Ma), and is associated with
significant crustal shortening and exhumation (Catlos et al., 2023;
Hodges et al, 1996b). Recent studies in Nepal’s Annapurna
and Langtang regions indicate that the MCT accommodates
~15-20 mm/year of convergence, with splay faults contributing
to out-of-sequence thrusting (Pandey et al., 2024). Similarly, in
the Indian Himalayas (Garhwal and Himachal Pradesh), the MCT
displays an equivalent structural role, with thermochronological
data suggesting reactivation in the Pliocene-Quaternary due to
continuing compression (Thiede et al., 2023). Our findings of
parasitic folding and drag folding along the MCT near Chitta
Katha and Batal (Figure 10A) support these interpretations,
highlighting the
Himalayan arc.

The Main Mantle Thrust (MMT), which defines the northern
margin of the Indian Plate in the Upper Kaghan Valley, corresponds

a consistent deformational style across

to the Indus-Tsangpo Suture Zone in Nepal and India. In Nepal, the
MMT (locally termed the Indus-Tsangpo Suture) is characterized
by ophiolitic sequences and high-pressure metamorphic rocks,
indicative of the closure of the Neo-Tethys Ocean (Heim
and Gansser, 1975; Yin, 2010). Recent geophysical surveys in
eastern Nepal in 2024 reveal a low-velocity zone beneath the
MMT, suggesting fluid presence that may facilitate fault slip
(Guptaetal., 2024). In the Indian Himalayas, particularly in Ladakh,
the MMT is associated with ultramafic and mafic assemblages akin
to the Babusar Complex in our study area, supporting an obduction-
related origin during the Cretaceous (Searle et al., 2023). The variable
trend of the MMT in the Upper Kaghan Valley (N80E/42NW to
N55E/55NW) aligns with its arcuate geometry in India, where it
curves around the Nanga Parbat Syntaxis, as observed in our study
(Figures 12B,C).

The fold-thrust belt identified in the Upper Kaghan Valley,
characterized by F1 (gentle-to-open folds), F2 (tight folds),
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and F3 (dome structure), mirrors deformation patterns in
Nepal and India. In central Nepal, polyphase folding is well
documented, with early F1 folds linked to initial layer-parallel
shortening and later F2 folds associated with fault-propagation
folding along the MCT (Martin et al, 2024). Similarly, in
India’s Garhwal Himalaya, dome structures analogous to our
F3 phase are interpreted as localized uplift zones driven by
concentrated compressional stresses (Valdiya, 1987). The presence
of back thrusts, such as the Naran Back Thrust (NBT) and
Besal Back Thrust (BBT) in our study, finds parallels in Nepal's
Kathmandu Nappe, where back-thrusting indicates continued
compression and structural inversion (Rai et al., 2025). These
regional correlations underscore a shared tectonic evolution
driven by the Indian-Eurasian collision, with the Upper
Kaghan Valley representing a microcosm of Himalayan orogenic
processes.

Our integrated model envisions: (1) Eocene subduction
and UHP metamorphism (~46 Ma) along the northern Indian
margin, initiating early F1 shortening; (2) Oligo-Miocene
thickening/extrusion along the MCT, development of F2 tight
folds/back-thrusts, and emplacement of Miocene leucogranites
(~21-17 Ma) within HHC; (3) localized late Miocene doming
(F3) in syntaxis-adjacent segments; and (4) diachronous magmatic
addition (Ordovician crustal S-type, Cenozoic arc I-type). This
sequence explains the observed cross-cutting relationships and
the gradient from thin-to thick-skinned deformation across the
valley.

5.6 Implications for Himalayan orogeny
and future directions

Our approach,
stereonet analysis, and Sentinel-1 remote sensing, enhances

integrated combining field mapping,
the resolution of structural interpretations compared to earlier
studies in Nepal, India, and Pakistan, which often relied on
geochronology alone (Kohn, 2014; Schiffer et al, 2023). For
instance, recent InSAR studies in Nepal in 2024 confirm active
deformation along the MCT, with strain rates aligning with our
kinematic interpretations (Pandey et al., 2024). In India, high-
resolution geophysical imaging has revealed subsurface fault
geometries similar to our Profile AA” cross section (Figure 12),
particularly the deep-seated nature of the MCT (>18 km) and its
splay faults (Gupta et al., 2024). These cross-regional comparisons
validate our tectono-stratigraphic model and highlight the
Upper Kaghan Valley’s role as a critical link in understanding
Himalayan tectonics. Future studies integrating high-resolution
geophysical data and targeted geochronology across Nepal, India,
and Pakistan will further refine the timing and kinematics
of MCT and MMT deformation, enhancing regional tectonic
models.

We propose U-Pb zircon dating of representative S-type,
I-type, and leucocratic granites; monazite petrochronology in
deformed metapelites to bracket F1-F2; and 40Ar/39Ar dating of
micas in mylonitic zones to refine the timing of ductile-to-brittle
transitions.
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(S-
type) and “I-type” samples, plus any “leucocratic granite”
(monazite/xenotime where present) to test Ordovician vs. arc

o U-Pb zircon dating on representative “older granite”

vs. Miocene ages (Ogasawara et al., 2018).

o Monazite petrochronology in deformed metapelites
(chemical U-Th-Pb dating) to time growth episodes
relative to F1-F2 (Ogasawara et al., 2018).

40Ar/39Ar dating on muscovite/biotite from mylonitic

zones along MCT/back-thrusts to bracket the timing of the
ductile-brittle transition (Ogasawara et al., 2018).

« Hf isotopes in zircon (for magma sources) and Ti-in-quartz
(for temperatures) where feasible (Ogasawara et al., 2018).

6 Conclusion

By integrating detailed field mapping, stereonet analyses,
structural cross sections, and dual-polarization Sentinel-1 remote-
sensing analysis, we authenticate that the Upper Kaghan Valley
preserves a complete record of polyphase deformation and crustal
evolution from Precambrian to Cenozoic time. The recognition
of four distinct tectonic domains, coupled with the identification
of sequential deformation phases (F1, F2, and F3), highlights
the dynamic interplay between syn-collisional crustal shortening,
thick-skinned faulting, and localized dome-forming uplift. The
correlation of the Main Mantle Thrust (MMT) and Main Central
Thrust (MCT) structures with their equivalents in Nepal and
the Indian Himalayas highlights the Upper Kaghan Valley as a
critical link for reconstructing the regional Himalayan orogen.
The results identify potential structural sites with elevated mineral
prospectivity, providing implications for both geoscientific research
and exploration. This integrated methodology bridges a long-
standing gap between surface geology and geospatial analysis
in the region. It sets a benchmark for future studies aimed at
unraveling the timing, kinematics, and mineralization potential
of complex orogenic terrains across the Himalayan arc. This
work delivers the first unified tectono-stratigraphic column and
prepares a composite structural and geological map for the
Upper Kaghan Valley at 1:25,000 with field and remote-sensing
integration, moving beyond descriptive mapping to a testable,
quantitative framework. Regionally, our results refine the sequence
of deformation, magmatism, and uplift along the MCT to the MMT
and identify structural targets for future mineral prospectivity and
geochronology.
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